Nanoparticles (NPs) decorated with ligands combining photoswitchable dipoles and covalent cross-linkers can be assembled by light into organized, three-dimensional suprastructures of various types and sizes. NPs covered with only few photoactive ligands form metastable crystals that can be assembled and disassembled ''on demand'' by using light of different wavelengths. For higher surface concentrations, self-assembly is irreversible, and the NPs organize into permanently cross-linked structures including robust supracrystals and plastic spherical aggregates.
Results and Discussion
Interparticle Interactions. Our experiments were based on gold nanoparticles (5.6 nm in diameter) prepared according to a modified literature procedure (14) (also see Materials and Methods). The AuNP solutions in toluene/methanol (0-30% v/v methanol content) were stabilized by dodecylamine (DDA) capping agent and didodecyldimethylammonium bromide (DDAB) surfactant. To such solutions, different amounts of photoactive trans-azobenzene dithiol ligands [4,4Ј-bis(11-mercaptoundecanoxy)azobenzene (ADT); compare Fig. 1 A] were added under vigorous stirring. Low-intensity UV irradiation (365 nm, 0.7 mW/cm 2 ) caused rapid trans-cis isomerization (13) of the ADTs (Fig. 1B Right) and induced molecular dipoles on the azobenzene units [ ϭ 4.4 debye for the cis (7) form vs. 0 debye for trans]. Importantly, only the isomerization of the ADTs bound to the NPs was significant for self-assembly. This conclusion was supported by two experimental observations: (i) when the surface coverages of ADTs on the NPs were high (Ͼ75%), the sterically crowded azobenzene units could not isomerize and the NPs did not aggregate even upon prolonged UV irradiation; (ii) likewise, when NPs were coated with alkane thiols (instead of weakly bound DDA), and the ADTs could not adsorb onto the particles [see supporting information (SI) Appendix for a discussion of competitive adsorption equilibrium], the trans-cis isomerization occurred only in solution. This isomerization, even with high ADT concentrations, had no effect on the stability of free NPs, which remained unaggregated as verified by UV-Vis spectroscopy and TEM.
The fact that the NPs assembled only upon induction of cis-ADT dipoles suggests that LISA is mediated by dipoledipole interactions and, possibly, by the accompanying solvophobic effects. Based on this premise, the interaction energy between two NPs of radii R and suspended in a toluene/methanol environment can be approximated as the favorable adhesion energy gained by bringing these particles into close contact, E ad ϭ A eff ( 11 Ϫ 2 12 ). In this formula (15) , the effective contact area is A eff Ϸ 2Ra, where a is a characteristic molecular scale (here, a ϳ 5 Å is taken as the smallest spacing between two cis-ADT dipoles; see SI Appendix), 11 is the surface energy of the NP-NP interface (here, due primarily to dipole-dipole interactions), and 12 is the surface energy of the NP-solvent interface.
If each NP is coated with N azo randomly distributed cis-ADT ligands, the 11 term can be expressed as the product of the average number of dipole-dipole pairs per unit area of contact, estimated as dd ϭ N azo /4R 2 , and the energy of one such pair, E dd , which is Ϸ0.5 kcal/mol. Here, the dipole-dipole energy is calculated as E dd (r) ϭ Ϫ( 2 /4 0 r 3 ) 2 /3kT for the Boltzmannaveraged interaction between two freely rotating, permanent dipoles, where is the dielectric constant of the medium (e.g., toluene ϭ 2.379), is the dipole moment, r is the distance between dipole centers, k is Boltzmann's constant, and T is the temperature (compare SI Appendix, section 2). The values of 12
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are estimated from literature data for chemically similar interfaces (n-alkane/toluene and n-alkane/methanol) noting that alkane/toluene Ͻ Ͻ alkane/MeOH , 12 It is important to note, however, that aggregation based solely on the dipole-dipole interactions is not sufficient to selfassemble NPs into ordered structures. When the azobenzene ligands had one of their ''tails'' lacking (e.g., molecule AT in Fig.  1D ) or the end of one tail was blocked for Au binding (BAD in Fig. 1D ), the NPs in pure toluene formed only transient, disordered assemblies with AuSPR peak at 590 nm, diameters of Ϸ200 nm by transmission electron microscopy (TEM), and disintegrating in solution within few minutes after the UV irradiation ceased. In addition, experiments in which the photoisomerization and cross-linking effects were ''decoupled'' by tethering onto the NPs ligands that could photoisomerize but not cross-link (e.g., AT in Fig. 1D ) and/or ligands that could crosslink but not photoisomerize (e.g., 1,8-octanedithiol, DT) demonstrated that LISA of supracrystals occurs only when each NP carries ligands of both types (i.e., AT and DT; Fig. 1E ). Overall, these observations indicate that, whereas the dipole-dipole forces and solvophobic effects certainly facilitate self-assembly ( Fig. 1C Center) , cross-linking of the NPs by the dithiol ligands is necessary to overcome thermal fluctuations and enable LISA of crystalline and/or permanent phases (Fig. 1C Right) .
With both of these key elements present in the ADT ligands, the types of structures that formed and the degree of their reversibility depended on, and could be regulated by, the relative magnitudes of the dipole-dipole forces, the extent of covalent NP cross-linking, and on solvent properties. The phases that appear under various conditions are summarized in Fig. 1 A and are discussed in detail below.
Reversible Crystals. When the number of adsorbed azobenzene dithiol ligands per NP was low (Ϸ20) and the content of methanol relatively high (20-25%), the UV-irradiated NPs organized into three-dimensional, reversible crystals (phase RC in Figs. 1 A and 2 A) . These micrometer-sized crystals were stable only under continuous UV-irradiation, and could be reverted to the ''free'' NP phase either thermally or upon exposure to visible light (UV-Vis spectrum of the redissolved phase was identical to that of the initial ''free'' NP phase). The full NP-RC-NP cycle took Ϸ10 min to complete and could be repeated multiple times absence of dipole-dipole interactions. After initial aggregation because of dipole-dipole interactions (Center), the NPs can bind covalently via dithiol linkages displacing weakly bound DDA (Right; note that cross-linking via the trans isomer is shown only for clarity; in reality, the alkyl chains of ADT ligands should be long enough to allow cross-linking by the cis-dithiols as well). (D) Model compounds used to investigate the roles of dipole-dipole forces and cross-linking effects in LISA. (E) A scheme of a nanoparticle coated with ''decoupled'' photoswitchable (AT), cross-linking (DT) molecules, and DDA capping agent. With all these components present on the surface, NPs can self-assemble into ordered phases analogous to those formed by NPs covered with ADT/DDA. This approach, however, is impractical because it requires adjustment and control of the surface concentrations of three species, DDA, AT, and DT. A plausible explanation for such reversibility is that the interparticle binding energy due to both the light-induced dipoles and sparse ADT cross-links is only slightly greater than the thermal energy disrupting the aggregate. Consequently, the loss of dipole-dipole interactions upon cis-trans reisomerization weakens the NP binding energies sufficiently such that the crystals disintegrate as the result of thermal fluctuations. For example, neglecting the energetic contribution of thiol crosslinkers, which are assumed to be very sparse in the RC phase, the adhesion energy between NPs for N azo ϳ 20 and methanol fraction, x ϳ 0.2, is estimated at Ϸ1.6 kcal/mol, that is, greater than the thermal energy, 3/2 kT ϳ 0.9 kcal/mol. In the absence of cis-ADT dipoles, however, this energy is reduced to Ϸ0.7 kcal/mol, resulting in rapid dissolution of the crystals upon irradiation with visible light. Ϫ1/3 , in agreement with the predictions of the nucleation-and-growth model (black line); here, the x axis refers to the total number (i.e., both surface-bound and free) of ADT ligands per NP. The vials in the bottom row are solutions of supraspheres arranged in the order of increasing ADT/NP ratio and correspond to the points in the plot. (B) Permanently cross-linked supraspheres can have their surfaces further derivatized (here, with 11-mercaptoundecanoic acid) and can be transferred to a more polar medium (here, methanol). (C) SEM images of two supraspheres adhered to and deformed on a silicon surface. Interestingly, the observed increase of the contact angle with increasing SS diameter suggest that these materials have plastic properties.
linking by ADT ligands, the large (up to 0.8 m), regularly faceted crystals (phase IC in Figs. 1 A and 2B ) that formed were irreversible and stable not only to light but also to extensive heating (up to Ϸ100°C), prolonged sonication, all common solvents [e.g., toluene, methanol, dichloromethane, water, DMSO, and dimethylformamide (DMF)], and exposure to excess of chemicals that could potentially displace the ADT ligands (e.g., various alkyl thiols). Interestingly, this extreme stability is in sharp contrast to other NP supercrystals reported in the literature (14, 16) , which disintegrate relatively easily upon environmental changes.
The stability and the high-yield of LISA crystals allowed us to analyze crystal structure by small-angle, powder x-ray diffraction (XRD). The XRD spectrum in Fig. 2C shows four peaks located  at 2 ϭ 1.297°, 1.375°, 1.510°, and 2 .492°. This diffraction pattern is characteristic of a hexagonal close-packed structure with the lattice constant, a ϭ 7.86 Ϯ 0.42 nm, the axial ratio c/a ϭ 1.609, and with peak positions corresponding to Bragg reflections on planes specified by Miller indices (100), (002), (101), and (103), respectively. The lattice constant agrees with the value of a ϭ 7.84 Ϯ 0.15 nm obtained from scanning electron microscopy (SEM) measurements (Fig. 2B) .
Supraspheres. Finally, when the strength of interparticle interactions was reduced (either by lowering the methanol content or by decreasing the ADT surface concentration), the NPs formed internally disordered, spherical assemblies (''supraspheres''). The transition between crystals (C phase) and supraspheres (SS phase) can be understood in terms of their free energies accounting for energetic and entropic contributions. Specifically, the energetic difference can be estimated as the sum of bulk and surface energies for each aggregate phase, ⌬E ϭ E C Ϫ E SS Ϸ (0.5⌬n Ϫ 1)E ad , and accounts for the difference in the number of close NP-NP contacts, ⌬n, and in the surface areas of the two phases (⌬E Ͼ 0 favoring supraspheres; compare SI Appendix, section 6 for details). On the other hand, the per-particle entropy of the supraspheres (17) is higher than that of crystals by approximately S C Ϫ S SS Ϸ Ϫk, and so the Gibbs free energy difference is ⌬G ϭ G C Ϫ G SS Ϸ (0.5⌬n Ϫ 1)E ad ϩ kT. Overall, when interparticle interactions are weak (i.e., ⌬G Ͼ 0), the entropic term dominates and supraspheres are favored; when the interactions are strong (i.e., ⌬G Ͻ 0), the potential energy overcomes the entropic effects and crystals form. Interestingly, this qualitative reasoning suggests that the coexistence curve between the two phases defined by ⌬G ϭ 0, should be a decreasing and concave function of N azo in the (N azo , x) plane, which agrees with the experimental phase diagram. We note briefly that, although spherical NP aggregates have been observed in other experimental systems (18, 19) , our light-induced supraspheres were significantly more stable because of crosslinking by ADTs, even to the extent that their outer surface could be further chemically derivatized, thus allowing their transfer to various other solvents (Fig. 3B) . At the same time, the spheres were surprisingly deformable (Fig. 3C ) and adhesive with respect to one another, suggesting their possible uses as building blocks for higher-order structures.
Controlling the Sizes of the Suprastructures. For all phases described above, the sizes of the assemblies could be controlled either by changing the concentration of ADT ligands, C ADT , or by adjusting the times of UV irradiation, t UV . In the first case, irrespective of solvent polarity, the dimensions to which both the crystals and supraspheres grew decreased with increasing C ADT (Fig. 3A) . This effect can be explained by a nucleationand-growth (N&G) mechanism (20) , in which the free NPs initially nucleate into small, thermodynamically stable (unless smaller than a critical size) clusters that subsequently grow by the addition of single NPs until all NPs available are used.
Brief ly, the average number of NPs per aggregate, ϽNϾ, can be estimated from the ratio of the initial concentration of NPs in solution, C NP , and the equilibrium concentration of critical nuclei, C Nuc , that is, ϽNϾ ϳ C NP /C Nuc . Because C Nuc is proportional to the number of nucleation ''sites'' (21) (here, proportional to the concentration of ADT ligands), it follows that C Nuc ϳ C ADT (provided that C ADT is larger than some critical concentration, C* ADT , required for aggregation; Fig. 3A and SI Appendix for details). Therefore, ϽNϾ should be proportional to the ratio C NP /C ADT , and consequently, the average aggregate diameter, D, should scale with this ratio as D ϳ (C ADT /C NP ) Ϫ1/3 , which is in quantitative agreement with the experimental data for supraspheres (Fig. 3A Inset) . For crystals, the overall trends are similar with reversible (low C ADT ) crystals up to five times larger than irreversible ones (high C ADT ; Fig. 2 A) .
The second method based on changes in t UV allowed for ''real-time'' control of the aggregates' sizes during their growth. At short times (t UV ϳ 10 s, Fig. 4A ), the NPs began arranging into regularly shaped clusters of only few particles and subsequently (t UV ϳ 30-60 s; Fig. 4 B and C) grew into aggregates composed of tens to hundreds of NPs. Because these assemblies remained in solution, their growth could be halted and restarted by, respectively, pausing or resuming the irradiation. Such dynamic control was not possible with larger aggregates (Ϸ300 nm, Fig.  4D ), which precipitated from solution.
Conclusions
In summary, we have shown that light can be used to guide and control self-organization of nanoscopic components into larger architectures of various internal orderings and overall dimensions. The use of ligands that simultaneously mediate LISA and endow the assemblies a desired level of permanence offers a new route to nanostructred materials of controllable stability (from metastable to irreversible) and mechanical properties (from flexible to extremely rugged). In the future, LISA could be combined with other types of forces/effects [e.g., electrostatic (14) or entropic (22) ] to provide a basis for a ''photoregulated'' synthesis of more complex and/or adjustable nanostructures and devices. 
